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Large-scale wind and solar power plants are being developed at a rapid rate, contributing to not 
only clean energy, but also waste accumulation and other environmental impacts. The 
environmental issues related to the decommissioning and disposal of such modules have not 
been addressed comprehensively due to the long life cycle of these products. This study helps to 
identify and appraise various impacts of their life cycle processes using the ultimate damage 
indicators of ecosystem quality, human health, and resources. The environmental impacts of a 
photovoltaic module (solar) and a wind turbine are compared using the life cycle assessment 
(LCA) method. The comparison established that the wind turbine has smaller environmental 
impacts in almost all impact categories assessed. The comparison also showed disposal processes 
can be a major contributor to environmental impacts, depending on the disposal scenario. The 
results demonstrate that with knowledge of the environmental impacts over the course of the 
entire life cycle for both wind turbines and solar panels, a proper disposal method would help 
avoid large quantities of waste and the potential savings can be quite large. Under the 
circumstances presented in this study, wind turbine energy proved to be more environmentally 
friendly compared to solar panel energy due to the contribution of certain flows and processes 
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Climate change has become a major concern of this century with various factors contributing to 
its continuation. The Paris Agreement sets forth efforts to limit the global temperature rise to 
“well below” 2 °C and ideally to limit warming to 1.5 °C in the present century, compared to pre-
industrial levels (IRENA, 2019a). In response to this threat of climate change, countries around 
the world have looked to renewable energy sources as their solution. Wind energy and solar 
energy have become two of the most promising and fastest-growing renewable energy sources. 
Global installed wind-generation capacity onshore and offshore has increased by a factor of 
almost 75 in the past two decades, jumping from 7.5 gigawatts (GW) in 1997 to some 564 GW 
by 2018 (IRENA, 2019b). The world solar photovoltaic (PV) installed capacity was around 78 
GW at the end of 2016, which is more than double compared with 2014 and 32 times more than 
2000 (Lunardi, 2018). This capacity is expected to increase, with rates of growth varying from 
country to country. With this growth, all wind turbines installed by end of 2019 can cover more 
than 6% of the global electricity demand (WWEA, 2020). Moreover, solar energy has been 
suggested to be the leading type of new energy development in the future.  
Despite the benefits and many advantages of renewable energy, in this case wind and solar 
power, increased production comes with increased waste accumulation and other environmental 
impacts. Waste generated from turbine blades alone is estimated to be around 43 million tons 
accumulated by 2050 (Liu and Barlow, 2017). In the U.S. alone, about 8,000 blades will be 
removed in each of the next four years. As for PV power, the total quantity of end-of-life panels 
is expected to reach 9.57 million tons by 2050 (Xu, 2018). On average, both wind turbines and 
solar panels are designed to last approximately 20 to 30 years. Because of this long lifespan, the 
recycling of wind turbines and solar panels was not a concern when these new designs were first 
developed. However, now with many turbines and panels coming to the end of their usable lives, 
implementing a sound recycling process is becoming an important environmental issue.  
Both wind and solar power are portrayed as clean and sustainable, and earn this title by being a 
fuel-free source of energy. They also create energy without generating the damaging pollutants 
that result from burning fossil fuels. According to the American Wind Energy Association, in 
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2019 the electricity generated from wind turbines avoided an estimated 42 million cars’ worth of 
CO2 emissions. A typical wind project repays its carbon footprint in six months or less, 
providing decades of zero-emission energy in its lifetime (AWEA, 2020). When compared to 
burning coal, every gigawatt-hour of electricity generated by PV would prevent the emission of 
up to 10 tons of sulfur dioxide, 4 tons of nitrogen oxides, 0.7 tons of particulates, and up to 1000 
tons of carbon dioxide (Fthenakis, 2000).  
Despite these technological advancements, the wind and solar industries have yet to be 
successful in reaching complete sustainability all the way through to the decommissioning and 
disposal phase. End of life stages of wind turbines and solar panels is an area which requires 
further research to find sustainable solutions, which is why this study focuses on the 
environmental impacts of both wind and solar energy up until their usable lives are up. The issue 
of this disposal has received little attention until recently, now that older wind and solar farms 
are reaching the end of their design lives and need to be dealt with. This problem will continue to 
grow evermore important as more farms continue to come down when they reach the end of their 
designed lives. The proper reuse or recycling method needs to be established in the near future in 
order to prevent the buildup of these large structures in landfills that are already running out of 
space. By examining and exposing the environmental impacts of both of these energies along the 
entire life cycles, next steps can be taken to minimize these impacts and make improvements on 
the current technology.  
Understanding the basis of what a life cycle is, and more specifically the life cycles of both 
turbines and panels, is critical in understanding the environmental impacts. A product’s life cycle 
refers to the length of time in which that product is in use and some life cycles are more complex 
than others. Figure 1 shows the general model of a life cycle starting at raw materials and 
finishing at the decommissioning stage. At each step along the life cycle, materials and energy 
are being inputted, while at the same time by-products are outputting the life cycle in the form of 
various wastes and emissions (i.e., air, water, soil, etc.). Once the life cycle is complete and the 
final stage (decommissioning) is reached, there are two different paths to take. The product can 
either be disposed of and enter the landfill, or it can be recycled/repurposed to re-enter the life 
cycle again, which is the preferred and more sustainable solution.  
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Figure 1: Basic life cycle model (GreenMatch, 2017) 
Although both wind and solar power are renewables energies, their individual life cycles vary, 
depending on the specific materials and inputs used and outputs emitted. Figure 2 shows the 
detailed life cycle of a wind turbine.  
Figure 2: Life cycle of a wind turbine (Seeds4Green, 2006) 
In this model, the wind turbine is broken down into its sub parts of the foundation, the erection, 
the tower, the rotor, and the nacelle. The foundation and the erection are constructed on site 
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whereas the tower, rotor, and nacelle are manufactured off site. At each stage of the life cycle, 
the various inputs are shown with an arrow, indicating their contribution to that specific step, all 
contributing to the one intended output at the end: electricity. There are other outputs along the 
life cycle as well, such as emissions, toxic chemicals, and unwanted materials/by-products, and 
these will vary depending on the waste scenario chosen.  
Similarly, Figure 3 shows the detailed life cycle of a photovoltaic cell, specifically a crystalline 
silicon PV panel. In this model, the solar panel is broken down into its various stages. The 
production of the silicon is a process in itself, later forming a PV module and connecting with the 
other BOS components (such as the inverters, transformers, frames, metal, and concrete 
supports). The balance of system (BOS) encompasses all components of a photovoltaic system 
other than the photovoltaic panels. It is important to note the continued input of energy over the 
solar panel’s life cycle, along with the GHG emissions. Transportation is included across both of 
the life cycles, connecting the different stages.   
 
Comparing Wind and Solar Energy Impacts on the Environment: A LCA Approach Using 
openLCA Platform  






Figure 3: Life cycle of a crystalline silicon PV panel (Solar Energy, 2006) 
The main output shown is electricity, but it is important to note all of the outputs that could 
potentially come from the decommissioning phase depending on the waste scenario chosen and 
how efficiently the metals are recycled. This study will analyze the inputs and outputs of these 
renewable energies over their life cycles, uncovering the environmental impacts of the stages 
along the way.   
1. GOAL AND SCOPE:  
The goal of this project is to compare the environmental impacts of wind turbines to solar panels 
to determine their environmental impact and sustainability potential. The significance of this 
project is to address the end-of-life waste problem of these two renewable energies and to further 
analyze the decommissioning and recycling stage of these structures. Currently, there is little 
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information or regulation on how to deal with end-of-life turbines and panels and most are sent 
to the landfill for disposal. However, after further research and identifying the environmental 
concerns related to this current disposal process, it is clear that proper recycling methods need to 
be explored and implemented into the renewable energy supply chain. The results presented here 
can inform on the best waste management route to be taken from an ecological perspective, 
including the possible recovery of materials for their reuse. The public sector, stakeholders, and 
manufacturers in the renewable energy industry can be informed about potential environmental 
impacts from wind and solar modules and can therefore be given suggestions on possible 
improvements or policy decisions. When conducting the study, it is asked what flows from each 
wind and solar energy contribute the most to the environmental impacts and which energy source 
has the least impact on the environment over its entire life cycle. It is hypothesized that wind and 
solar energy will have similar environmental impacts, considering they are both clean, renewable 
energy sources. These questions will allow for a clear understanding of the true environmental 
aspects to each type of energy mentioned.   
To narrow the scope of this project, system boundaries such as the type of wind turbine and solar 
panel have been limited. This project has specifically focused on the sc-Si (crystalline silicon) 
photovoltaic ground mounted power plant in central Europe and the 12MW offshore wind 
turbine model installed approximately 15 km off the coast of Denmark. The solar module chosen 
is a crystalline silicon (sc-Si) cell and was chosen due to its popular usage in the solar industry. 
The wind turbine chosen was due to its up-to-date technology, as many of the newer turbines in 
today’s market operate at 12MW and also for its offshore location, as it is becoming more 
popular for wind farms to be offshore rather than onshore. Because both of the models chosen 
are located in Europe, it will make for an even more comparable study. As mentioned earlier, 
this project will look at the wind and solar modules from cradle to grave, taking into 
consideration the following: the extraction of raw materials, the manufacturing of each of the 
component parts, transport to the wind or solar farm, installation, start-up, maintenance, and final 
decommissioning with its subsequent disposal of waste residues. But it will not be beneficial or 
as important in this study to include the social implications of the wind turbine, like employee 
conditions, or the pre-forms of the “raw materials” in great depth. As each stage of the life cycle 
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is evaluated, it will be determined which components to include and exclude. The depth of this 
analysis relies heavily on the number of subprocesses and number of flows entered and existing 
in the life cycle calculation. However, the number of flows in the calculation will only be factors 
that contribute to the life cycle impact. 
As for the functional unit of the two systems, it will be the generation of 1 kWh of electrical 
energy (net) considering the full lifetime of the wind and solar farms. The kWh produced by the 
wind turbine or solar panel has been selected in such a way that it has been possible to obtain a 
relationship between the environmental impact of the turbine or panel and the electricity 
generated. Because technology and efficiency will continue to improve, the scenario for both the 
wind turbines and the PV modules are based on a 35-year lifespan. Because of this longer 
lifespan, the scenarios for both wind turbines and solar panels chosen is set for the year 2025 
with a realistic-optimistic viewpoint and an air quality carbon dioxide scenario of 440ppm. 
Although set in the future, this scenario is a reasonable prediction. In this way, it is possible to 
make a comparative study for different renewable energies. 
 
LITERATURE REVIEW 
Previous studies have predicted large growth in wind and solar power, along with the 
overwhelming accumulation of waste from these turbines and panels. In order to make wind and 
solar disposal sustainable in the long term, other alternatives to landfilling must be established on 
an environmentally and economically favorable scale.  
When it comes to the disposal of wind turbines, the biggest issue is connected to the blades. Liu 
and Barlow (2017) admit that “the blades, one of the most important components in the wind 
turbines, made with composite, are currently regarded as unrecyclable”. Their work focuses on 
accurately estimating present and future wind turbine blade waste inventory, thus highlighting 
the growing importance of finding a reliable disposal solution. Lunardi et al. (2018) also 
highlight the need of finding a recycling solution for solar panels. They reveal that today, most of 
the PV modules go to landfill sites because “PV recycling processes are not economically 
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feasible yet and regulation in most countries has not been established for this waste stream.” 
Without a substantial body of knowledge on the potential environmental and economic impacts 
of end-of-life PV modules, these structures will continue to enter the landfill and those within the 
industry will never be motivated to properly recycle the panels.  
Liu and Barlow (2017) discover the magnitude of the wind turbine blade waste problem, looking 
not only at disposal but at all stages of a blade’s lifecycle. The same intentions are shared by 
Sultan, Mativenga, and Lou (2018) in their work in which they predict future overall volume and 
distribution of end-of-life wind turbine composite material waste. Their estimate predicting close 
to 225,000 tons of expired blades added to the waste problem annually worldwide until 2034.  
Similarly, Turney and Fthenakis (2011) expose the problem of extreme growth in solar panels 
with “current worldwide installed capacity being more than 22 GWp and increasing at roughly 
40% per year.” With this growth, large-scale solar projects are expanding into a wide range of 
locations and ecosystems without a clear solution to the decommissioning of these solar 
modules. Ultimately, leading to issues in waste accumulation, land use, human health, wildlife 
and habitat, geohydrological resources, and climate.   
The main findings Liu and Barlow’s (2017) study indicate that there will be 43 million tons of 
blade waste worldwide by 2050 with China possessing 40% of the waste, Europe 25%, the 
United States 16% and the rest of the world 19%. Manufacturing waste, service waste, and end-
of-life waste are the three main sources of blade waste. Manufacturing and service waste are 
currently the largest contributors, but end-of-life waste is increasing rapidly and is projected to 
equal manufacturing and service waste in 2029. Also focusing on future projections was 
Anderson, et. al. (2014) in their research, which was cited in both articles mentioned above. 
Here, wind turbine capacity was estimated at around 500 gigawatts worldwide back in 2014. 
With this number increasing year to year, there will be a significant number of end-of-life wind 
turbines needing to be decommissioned in the coming decades. But this source stresses that 
better data is also needed for the recycling of wind turbine components and materials, indicating 
that there is a need for the research I am completing. Along with Lunardi et al. (2018) findings 
on the solar energy side that “the end-of-life of PV technologies is not commonly included in 
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LCA studies due to the lack of information and data on the subject.” Filling in this hole will be 
an important part of my research.   
A key uncertainty is the wind energy growth rate prediction used by Liu and Barlow. Accurate 
regional growth rate predictions are not available, so what was used in this study was the single 
figure of the global growth rate to provide estimates for the growth in China, U.S., and the rest of 
world. But even if these projections of future growth aren’t 100% accurate, they still indicate a 
large amount of wind turbine waste that needs to be dealt. This is why Anderson et. al. (2014) 
recognized another limitation in current research; the need to know more about the potential 
markets for products made from recycled materials in the wind industry.  
The work presented by Kalkanis, et al. (2019a) starts the process of exploring these potential 
markets by investigating the different recycling technologies for the different materials in the 
blades of wind turbines and assessing the pros and cons to each method. The methodology used 
makes the argument for using composite materials in the first place, explaining their excellent 
mechanical properties matched by low weight. Jenson and Skelton (2018) and Mishnaevsky, et 
al. (2017) mention how glass fiber reinforced polymer composites represent the majority of the 
blade’s material composition for many reasons, including their high strength-to-weight ratio and 
their ability to resist fatigue over time. The various recycling methods currently available to the 
wind industry include mechanical recycling, pyrolysis recycling, fluidized bed combustion 
recycling, and chemical recycling. Both Larsen (2009) and Skelton and Jenson (2018) agree that 
although landfilling is the obvious and cheapest answer, it is not sustainable, and incineration is 
not the better choice either when “60% of the scrap is left behind as ash.” 
Chowdhury et al. (2020) also explore the potential markets for end-of-life solar panels. This 
review focused on the current status of solar panel waste recycling, recycling technology, 
environmental protection, waste management, recycling policies, and economic aspects of 
recycling. It is explained that currently most efforts related to solar panel recycling concentrate 
on silicon-based panels, as these are the most popular, and aim to recover and recycle the most 
important parts. The three different types of recycling processes applied to solar PV panels are 
physical/mechanical, thermal, and chemical. Physical separation includes physically separating 
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different parts of the panel and dealing with each piece differently. The panels, junction-boxes, 
and cables are shredded and crushed. The frame is repurposed and other metals are extracted for 
scraping or reuse. However, this process generates a huge amount of dust which contains glass. 
Thermal treatment uses a high temperature furnace to recover the polycrystalline silicon and 
other metals and materials from the panel. Lastly, chemical recycling involves the use of various 
chemicals to separate certain materials from the panel. With this technique, First Solar 
announced 95-97% recovery rate for both cadmium and tellurium, which were capable of being 
reused in First Solar products. However, chemical recycling does result in hazardous by-
products. Overall, Chowdhury et al. (2020) argue that based on the swift growth of installed PV 
generation capacity, the number of end-of-life panels will necessitate a strategy for recycling and 
recovery by 2040. Indicating that there is little time to waste in finding a solution.  
As for wind turbines, mechanical recycling includes the cutting, crushing, or fine grinding of the 
wind turbines and produces fine particles of lesser mechanical properties only used as filler 
reinforcement materials. However, this process is energy intensive. Pyrolysis is 
depolymerization at high temperatures in the absence of oxygen where the polymer breaks down 
to produce an oil, a gas, and a char product. However, fiber quality is affected. In Fluidized Bed 
recycling, end of life material is broken down into small pellets and then enters the combustion 
reactor. Unfortunately, the final product properties are considerably degraded. Finally, chemical 
recycling uses chemical dissolution reagents for reclaiming fibers, but this process is risky with 
the various chemicals involved. As there are pros and cons to each method, all authors agree that 
in terms of optimal solutions, there is no one size fits all. But Marsh (2017) and Larsen (2009) 
mention using new materials from the start of design and manufacturing in order to make 
recycling easier at the end. Their idea includes replacing the thermoset composite, which cannot 
be remolded after a 20-25 year service life, with a thermoplastic one, which can be repeatedly 
melted down and reformed after its initial service life. These new materials add another option to 
the way we look at sustainability.  
Martınez, et al. (2009) aim to analyze the real impact that wind energy technology has if we 
consider its whole life cycle from the design stage to the disposal stage. The methodology used 
in this study is a life cycle assessment that quantifies the overall impact of a wind turbine and 
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each of its components. The wind turbine is analyzed during all the phases of its life cycle, with 
regards to the manufacturing of its key components, transport to the wind farm, subsequent 
installation, start-up, maintenance, and final dismantling and stripping down into waste materials 
and their treatment. The same was done by Lunardi, et al. (2018) but for photovoltaic modules. 
An LCA was utilized in this case to quantify the environmental impacts of solar energy and to 
compare landfill, incineration, reuse, and recycling of end-of-life silicon solar modules. The 
results show that recovery of materials from solar modules results in lower environmental 
impacts compared to other or current end-of-life scenarios. Supporting this work even further 
was Gerbinet et al. (2014). Here a review on various LCA studies was used to analyze various 
panel types with the application of various impact assessment methodologies. It was found that 
silicon panels are the mostly studied, followed by thin layer panels, while new panel types, such 
as organic panels, have not yet been considered. In most of these study’s scopes, end-of-life 
scenarios are omitted, underlying the necessity to achieve further LCA on photovoltaic panels, as 
many aspects are still in need of evaluation, such as the comparison of solar energy to a similar 
renewable energy source.  
In Martınez, et al. (2009) work, the wind turbine was broken up into 4 main components when 
assessing its life cycle: the rotor (which includes the three blades), the foundation, the tower, and 
the nacelle (component responsible for converting the mechanical rotational energy of the rotor 
into electrical power). This study admits that as for the rotor and blades, these materials will be 
sent to the dump, indicating the importance of studying various solutions to keep this part of the 
wind turbine out of the landfills. It is also concluded that “one area of special relevance is the 
need to improve the environmental impact of the various manufacturing processes involved in 
making the turbine and its components”. In other words, changes need to be made at the start of 
the process by possibly changing the ways the wind turbines are made and what materials are 
being used in order to allow for an easier and more sustainable decommissioning stage at the end 
of the wind turbines life cycle. Zhong, Song, and Loh (2011) utilize a life cycle assessment for 
comparing solar energy and wind energy, analyzing the scenarios of either sending each energy 
to the landfill or following recycling solutions. The analysis reveals that completing the recycle 
phase can reduce the wind turbine’s contribution to the environmental impacts by 37.1%. 
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Similarly, the environmental impacts of PV modules will also be reduced, but on a smaller scale, 
if proper recycling methods were adopted. This contributes to the idea that the end-of-life 
recycling scenario for wind turbines and solar panels significantly reduces the environmental 
impacts and should not be ignored.  
A main limitation in life cycle assessment research was recognized by Zhong, Song, and Loh 
(2011). After reviewing a study of 72 LCAs, they found that “all of them studied the 
manufacturing phase, 70% studied the installation, 56% included maintenance and repair 
inventories, but only 19% included the decommissioning phase.” This indicates a possible hole 
in the current research for the life cycle of wind turbines and solar panels and if the 
decommissioning phase/end of life waste isn’t considered, wind and solar energy can never truly 
be “renewable and sustainable.”   
Ramirez-Tejeda, Turcotte, and Pike (2016) attempt to look at this arising wind turbine problem 
as a whole and cover various areas that prevent wind energy from becoming fully sustainable 
and green. These authors argue that to meet the increasing demand, not only are more blades 
being manufactured, but also “blades of up to 100 meters long are being designed and 
produced.” In his reports, Martin (2020) also explains how a wind turbine’s blades can be longer 
than a Boeing 747 wing causing big rigs to only carry one at a time, making transportation costs 
prohibitive for long-distance hauls. Highlighting this waste problem furthermore, Ramirez-
Tejeda, Turcotte, and Pike (2016) report that constant development of more efficient blades with 
higher power generation capacity is resulting in blade replacement well before the twenty-year 
life span, so disposed blades are piling up before they are even expected to. Challenges of 
recycling solar panels was also examined by Fthenakis (2000). It was admitted that the recycling 
of solar panels is complicated because of the decades-long intervals between installing and 
discarding modules, their low concentration of valuable materials, and their geographical 
dispersion. With a 30-year lifespan, the dismantling and recycling of solar panels at the end of 
their usable lives was not yet considered during the development of the panels. Also, the total 
amount, concentration, and value of reclaimable materials is low. For example, “indium, the 
costliest of the thin-film constituents which is used in CIS (copper indium diselenide) solar cells, 
accounts only for 2.5-5% of the total projected cost of a CIS module.” Therefore, less quantity of 
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any key material makes it unlikely that the recovery of materials from spent modules is 
economically feasible. Lastly, the “basic viability of any recycling program often hinges on the 
geographic concentration of the goods and their proximity to appropriate recycling facilities, and 
on their content of valuable materials.” Solar panels are not concentrated to one specific 
geographic area and with an increase in renewable energy, more and more parts of the world will 
start to adopt the use of these panels in various locations. Thus, presenting a challenge for 
collection purposes.  
Taking these problems into consideration, Ramirez-Tejeda, Turcotte, and Pike (2016) explore 
economic and environmental issues with various wind turbine blade disposal methods. The 
methodology used in this article includes researched facts on the production of wind turbines 
blades and their waste, an assessment including the pros and cons on the current disposal 
solutions being developed, how governmental legislation impacts the wind industry, and the 
discovery of new technological innovations that could change the course for the way wind 
turbines blades are recycled.  
It is concluded that none of the current methods (landfill, incineration, pyrolysis, fluidized bed 
combustion, chemical, or mechanical) allow for optimal wind turbine blade disposal 
individually. All of them carry potential economic, environmental, and occupational health 
concerns. Another point made is that to discourage the landfilling of blades, effective policy 
intervention in the form of tax breaks, subsidies, imposed taxes, banning of landfill dumping, etc. 
will be needed. In their research, Cherrington, et al. (2012) indicated that at the time, there was 
little legislation present for the regulation of end-of-life waste management for the wind energy 
industry. However, a review of European waste management policy has shown that landfill bans 
effectively divert waste from landfills and encourages companies to search for potential energy 
recovery solutions, supporting the idea that legislation can induce “life cycle thinking” from the 
producers of the wind energy industry.  
Similarly with solar panels, Xu et al. (2018) uncover that there are few countries taking action 
outside of the European Union, primarily because there is an extremely low volume of waste PV 
panels available for recycling, and the cost of recycling the panels is too high for the process to 
Comparing Wind and Solar Energy Impacts on the Environment: A LCA Approach Using 
openLCA Platform  





be cost efficient. In less than a decade, China has become the world leader of installed PV 
capacity, while policies and regulations for solar panel recycling are still non-existent there. 
However, in 2012, the EU officially revised the electrical and electronic equipment (WEEE) 
directive, adding PV components as discarded electronic devices. Therefore, solar PV elements 
are included in the electronic waste management system and must be collected and recycled. 
This demonstrates that with governmental intervention, strengthening producers’ responsibility 
through the life cycle of PV panels is possible and could be an effective approach for sustainable 
material management, ultimately preventing solar panels from being shipped to the landfill. For 
example, Germany has recently revised its WEEE regulations, requiring that all PV component 
manufacturers and importers register their products and assume obligations for end-of-life 
treatment; offenders will face huge fines. Japan has also taken new initiatives by actively 
participating in research on recycling technology for solar-energy equipment. Despite these 
improvements, more efforts and changes must be made throughout the entire life cycle of solar 
panels and wind turbines for optimal sustainability.   
Finally, Ramirez-Tejeda, Turcotte, and Pike’s (2016) last point made is that some potential 
technological innovations in the design stage to improve recyclability of these blades include the 
use of thermoplastics instead of thermosets and the use of bio-derived resins instead of 
conventional, petroleum-based epoxy resins, in the manufacturing process of the blades. As 
mentioned earlier, contrary to thermosets, thermoplastic materials soften when heated and do not 
cure or set, making them easier to recycle. While there are still technical limitations, “the use of 
thermoplastic composites is becoming more attractive for blade manufacturers due to the ease of 
repair, recyclability, and the short mold-cycle times in manufacturing.” This solution goes hand 
in hand with the waste hierarchy directive utilized by Cherrington, et al. (2012) in which the 
hierarchy is outlined as prevention/reduction as the first best option, followed by reusing, then 
recycling, and lastly disposal/landfill. By starting at the manufacturing stage, materials can be 
reduced, and if not that, they can be designed to be reused again and again to make future wind 
turbine blades.    
The authors of this article point out that more research is needed about the effectiveness of these 
technologies at minimizing impacts, on the health impacts of the workers, and on the feasibility 
Comparing Wind and Solar Energy Impacts on the Environment: A LCA Approach Using 
openLCA Platform  





of these implications in order for any of them to be deemed as ready for a solid solution. But by 
tempting producers with environmental impacts, legislation, and economic opportunities, they 
will be more inclined to take on the responsibility to think of blades as being an asset when 
recycled and not something that is destined for the landfill.  
A common limitation found across the studies referenced was the focus on how to improve the 
production efficiency of solar panels or wind turbines. However, processes for retrieving and 
dismantling waste panels and turbines should also be considered. Solar panel and wind turbine 
dismantling/decommissioning is a long and involved process and the recycling system chain is 
incomplete. Also, future outcomes of current research, development, and testing efforts for solar 
panels and wind turbines are difficult to assess. With constant technological advances, it is 
difficult to predict the proper recycling methods available for wind turbines or solar panels. 
However, with many panels and turbines coming to the end of their lives at the same time, 
options for waste management must be explored now.   
 
METHODS AND MATERIALS  
The basis of this study relies on the analytical technique of a life cycle assessment. A life cycle 
assessment is a methodology that assesses the environmental impacts of a product over the entire 
life cycle from raw materials (cradle stage) to manufacturing processes (gate stage), to its 
operational life, and finally through disposal or recycling (grave stage). This technique compiles 
and examines the inputs and outputs of materials and energy, which results in the quantification 
of the environmental impacts directly associated with the operation and processes throughout its 
life cycle (Lunardi et al. 2018). An LCA consists of four phases: goal and scope definition, 
inventory analysis, impact assessment, and interpretation/results (Liebsch, 2020). Figure 4 
visualizes the components of an LCA.  
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Figure 4: Life Cycle Assessment Framework (IntechOpen, 2011) 
The goal and scope define the depth of the analysis. The life cycle inventory (LCI) analysis 
phase is related to the collection and calculation of data. Then, the life cycle impact assessment 
converts LCI results to indicator results for different impact categories. In this work, models 
were established using the openLCA 1.10.3 software with the database “NEEDS” (New Energy 
Externalities Developments for Sustainability). For a better understanding of the LCA results, 
ReCiPe Midpoint (H) and ReCiPe Endpoint (H,A) were the impact assessment methods utilized. 
Midpoint represents the impact categories associated with both the wind turbines and solar 
panels in their true units, whereas Endpoint then takes those impact categories and makes 
damage categories using a point system. Each method contains factors according to the three 
cultural perspectives. These perspectives represent a set of choices on issues like time or 
expectations that proper management or future technology development can avoid future 
damages. The three perspectives are: 
• Individualist: short term, optimism that technology can avoid many problems in future. 
• Hierarchist: consensus model, as often encountered in scientific models, this is often 
considered to be the default model. 
• Egalitarian: long term based on precautionary principle thinking. 
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The perspective chosen for this study was Hierarchist in order to obtain the most realistic model. 
The Midpoint is utilized when it is needed to know about each of the wind turbines’ and solar 
panels’ effect on the impact categories and the Endpoint is then used to compare the two. These 
impact categories are what the impact is being measured in. The impact categories chosen range 
from climate change, to natural land transformation, to metal depletion, and more. The ReCiPe 
Endpoint (H,A) then places these impact categories into certain damage categories under three 
main groups: ecosystem quality, human health, and resources. Weighted points are assigned for 
inputs and outputs in each process to come up with a common denominator to compare the 
damage categories (indicators) for each product. This is pure indexing to make the comparison 
possible. Otherwise, you are dealing with a number of different units. The higher the point total, 
the more impact this energy makes in this category. The calculations are based on the available 
data of each end-of-life scenario.  
For the purpose of this study, a comparison between the environmental aspects and potential 
impacts of wind turbines and solar panels (PV technology) was done. Many LCA studies of PV 
and wind technologies focused on the manufacturing and installation stages, and the end-of-life 
scenario is often excluded, as PV and wind technologies have very long life cycles and thus any 
disposal data collected are based on outdated technologies (Zhong et al. 2011). For this reason, 
the life cycles in this study were examined from cradle to grave to include disposal data. In other 
words, as the decommissioning of wind and solar modules is a vital part to complete the full 
cradle-to-grave life cycle, its environmental impacts should be studied.  
2. INVENTORY ANALYSIS:  
The Life Cycle Inventory Analysis (LCI) looks at the environmental inputs and outputs of a 
product or service. It is essentially the data collection phase of the LCA and highlights the tools 
used. At this stage, the data gets collected on a process level and product level. In the case of this 
study, an existing database was used in the openLCA platform. The LCI was done by several 
iteration steps concerning raw data validation, raw data documentation, representativity, 
completeness and consistency of modelling with regard to ISO 14040 and 14044. With this 
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database, the inputs and outputs of both wind and solar energy were collected and analyzed. 
Each process entails the use of different raw materials for processing to create the final product. 
Besides the main raw materials of a wind turbine, like various metals, electrical components, 
fossil fuels, etc., other inputs contribute to the completion of a turbine’s life cycle. Figure 5 
indicates some of the raw materials and other inputs of a wind turbine in this study in order of 
those that contribute the most to least.  
Figure 5: Inputs of a wind farm in order of decreasing amounts (OpenLCA, 2021) 
Although the complete list of all inputs for wind power is not shown, it is important to note some 
of the flows that play a larger role. Since this study focuses on an offshore wind farm, occupation 
of sea/ocean is the most abundant input. Energy is one of the main inputs as well, as energy must 
be used at almost all stages of the turbine’s life cycle in different forms to produce the desired 
electricity. There are also plenty of inputs coming from various “in ground” resources like 
gravel, iron, clay, etc., all playing a role in the functioning of the wind turbine farm. Just as the 
contribution of inputs play a key role in determining environmental impacts, so do the outputs 
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generated as well. Figure 6 indicates some of the wastes and other outputs of a wind turbine in 
this study in order of those from most abundant to least abundant. 
 
Figure 6: Outputs of a wind farm in order of decreasing amounts (OpenLCA, 2021) 
These outputs have important flows as well. Occupation of industrial area is highest on this list, 
due to the amount of industrial area needed to manufacture all of the various components of a 
wind turbine. Heat waste is also a very common output, as this is happening across all stages of 
the life cycle. The desired output is that of electricity, which is bolded in the list, producing the 
defined 1 kWh of electricity reference unit. All of the inputs and outputs fall in relation to this 1 
kWh of electricity, as each amount and unit indicated for each input and output is needed to 
generate just 1 kWh of electricity.        
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The same is done for solar power. Solar power also utilizes raw materials of various metals, 
electrical components, and fossil fuels along with other inputs. Figure 7 is a list of some, but not 
all, of the inputs for a solar panel in order of those that contribute the most to those that 
contribute the least. 
 
Figure 7: Inputs of a solar farm in order of decreasing amounts (OpenLCA, 2021) 
The flows that play a larger role in solar power are similar to those that contribute to wind power 
as well. As mentioned earlier, in order to get energy out, energy must first be put in. In this list 
we can see this energy in the form of kinetic energy, gas, and coal and oil (fossil fuels). Probably 
the most important input to highlight is the 27 sq. area of land occupation that 1kwh of solar 
electricity takes up. This is a significant amount of land required for the functioning of a solar 
panel and contributes greatly to the overall environmental impacts. Again, there are also plenty 
of inputs coming from various “in ground” resources like gravel, iron, clay, etc., all playing a 
role in the functioning of the solar farm. The outputs can be specified as well. Figure 8 indicates 
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some of the wastes and other outputs of a solar panel in this study in order of those from most 
prominent to least prominent. 
Figure 8: Outputs of a solar farm in order of decreasing amounts (OpenLCA, 2021) 
The bold output 1 kWh of electricity for the photovoltaic power plant is the reference unit. 
Producing this electricity also results in other outputs such as heat waste along the various stages 
of the life cycle. Another main output seen is carbon dioxide, contributing to GHG emissions and 
climate change. With the inputs and outputs collected for the wind turbine and solar panel, 
analysis can begin on how these flows play a role in the impact and damage categories.  
 
RESULTS AND DISCUSSION 
With the impact categories defined, the inventory parameters are classified based on the type of 
environmental impact they contribute to. Characterization will then allow for the calculation of 
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the contribution of the emissions and resources for each type of environmental impact. By 
utilizing the ReCiPe Midpoint, the first layer of impact categories can be analyzed for each of the 
renewable energies. 
3. IMPACT ASSESSMENT  
The impact assessment for the wind turbine includes different impact categories with different 
quantitative units corresponding to each one. Figure 9 organizes these categories more 
efficiently.  
 
Figure 9: Impact assessment using ReCiPe Midpoint of wind farm (OpenLCA, 2021) 
One of the impact categories to take note of is human toxicity. This category expresses the 
potential harm of a unit of chemical released into the environment, but indoor air quality and its 
effect on human health is not covered by this category. For every 1 kWh of electricity produced, 
almost 3 grams of 1,4 DCB (dichlorobenzene) equivalent is released. This number allows for the 
quantification of the effect wind turbines can have on human health. Similarly, the terrestrial 
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ecotoxicity gives insight into how environmental pollutants from wind turbines affect land-
dependent organisms and their environment. During the life cycle of a wind turbine, a small 
number of emissions contribute to this affect. One of the more popular impact categories 
mentioned is climate change. From the table, it is indicated that almost 3 grams of CO2 
equivalent is produced for every 1 kWh of electricity made. The unit of  CO₂-equivalents for 
climate change or global warming potential (GWP) doesn’t mean that only CO₂ is contributing to 
global warming, because, for example, also methane and nitrous oxide play a role there. But to 
be able to consolidate all gases into one indicator, all other gases are converted to CO₂ 
equivalents. Figure 10 shows this breakdown of the 3 grams CO2 equivalent and gives more 
detail for the contribution of multiple greenhouse gases along the life cycle stages.  
 
Figure 10: Climate change breakdown for wind turbine (OpenLCA, 2021) 
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The impact of a solar panel can also be broken down into the same impact categories. Figure 11 
shows the respective quantitative contributions of each impact category. 
 
Figure 11: Impact assessment using ReCiPe Midpoint of solar panel (OpenLCA, 2021) 
Highlighting the same three impact categories mentioned earlier for a wind turbine, a solar panel 
has more of an impact in all three categories. For climate change, a solar panel produces almost 
18 grams of CO2 equivalent compared to a wind turbine’s 3 grams. The impact category of 
human toxicity for a solar panel indicates almost 15 grams of 1,4 DCB equivalent for every 1 
kWh of electricity produced. Although still low, a solar panel has a bigger impact on terrestrial 
ecotoxicity than a wind turbine. When looking at each of the tables in their entirety, solar panels 
have a larger impact overall.  
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Once the first layer using the ReCiPe midpoint is understood, the endpoint can then be analyzed. 
Utilizing ReCiPe Endpoint adds another layer of analysis where related impact categories are 
grouped together to indicate damage categories (human health, ecosystem quality, climate 
change, and resources as indicated above) to get a picture of the overall damage without having 
to look at the large number of impact categories. The endpoint intends to transform the long list 
of life cycle inventory results into a limited number of indicator scores. These indicator scores 
express the relative severity on an environmental impact category. With the damage categories 
chosen, the impacts of wind power and solar power can be compared. The breakdown of these 
categories, along with their respective points for wind and solar is shown in Figure 12. 
Comparing Wind and Solar Energy Impacts on the Environment: A LCA Approach Using 
openLCA Platform  






Figure 12: This table shows the LCIA results of the project variants. Each selected LCIA category is displayed in the rows and the project 
variants in the columns. The unit is the unit of the LCIA category as defined in the LCIA method. (OpenLCA, 2021) 
Within the table, the main damage categories are total ecosystem quality, total human health, and 
total resources. Solar power has a greater number of points in both the categories of ecosystem 
quality and human health. However, there are several impact categories in which both wind and 
solar energy have no effect on. These categories are agricultural land occupation, natural land 
transformation, urban land occupation, fossil depletion, metal depletion, and resources. Wind and 
solar farms are not being built on lands designated for agriculture and nor are they transforming 
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the natural land in which they are being built upon, thus showing no damage impacts in these 
areas. Wind turbines are too large of structures to be built in urban locations and although solar 
panels can be found in urban areas, they are integrated into these cities, rather than disrupting the 
area. Lastly, since wind and solar farms are classified as renewable energy sources, their 
depletion on resources is negligent.  
The damage category of total ecosystem quality demonstrates the comparative impact of wind 
and solar energy on the natural environment. The graph below puts into perspective how these 
two renewable energies compare in this category by indicating their point totals.  
 
Figure 13: ReCiPe results (effects on ecosystem quality) for comparison of wind power and solar power (OpenLCA, 2021) 
The same can be shown for human health in comparing the overall impact of both renewable 
energies on the human population.    
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Figure 14: ReCiPe results (effects on human health) for comparison of wind power and solar power (OpenLCA, 2021) 
These comparisons of wind and solar within the first two categories of impact on ecosystem 
quality and human health are relatively similar. Solar energy has the largest impact on ecosystem 
quality when compared to wind. Solar energy also has a larger impact on human health when 
compared to wind, but not as big of a difference as seen in the first category. As for impact on 
resources, both renewable energies record insignificant impacts. That result may be in part to the 
recycling and reuse of part of the raw materials such as various metals, glass, etc. which 
confirms the importance of high-value recycling processes compared to other disposal solutions 
that cannot reuse or recycle the individual components.  
Taking a comparative look at the overall impact of wind turbines and solar panels on the 
environment, solar panels score higher in almost every category. Figure 15 displays all the given 
single indicators and damage indicators provided with the corresponding points for both wind 
turbines and solar panels. Here, the overall impacts are displayed in terms of percentages, 
allowing for a clearer comparison between the two products.  
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Figure 15: The chart shows the relative indicator results of the respective project variants (wind and solar power)  (OpenLCA, 
2021) 
For each indicator, since solar energy has the highest impact, it is set to 100% and the results of 
wind power are shown in relation to this percentage. For example, for particulate matter 
formation, wind power only contributes 20% of what solar power contributes and for ozone 
depletion, wind power only contributes 5% of what solar power contributes. 
To put the impact of wind turbines and solar panels into perspective, hydro power, nuclear 
power, and coal were also compared. From these energy sources, hydro, wind, and solar are all 
renewable, whereas nuclear and coal are nonrenewable. Figure 16 displays all the given impact 
categories and damage categories with corresponding point totals for all of the different types of 
energy sources mentioned.  
Comparing Wind and Solar Energy Impacts on the Environment: A LCA Approach Using 
openLCA Platform  





Figure 16: The chart shows the relative indicator results of the respective project variants (hydro, wind, solar, nuclear and 
coal power) (OpenLCA, 2021) 
As expected, coal has the highest overall environmental and damage impacts, which is why its 
total percentage is 100%. However, what may come as a surprise is the greater impact coming 
from solar energy (at 3%) over nuclear power (at 1%). The main reason for this could be the 
large amounts of materials and labor required per unit energy output for solar energy compared 
to nuclear power. The dispersed nature of solar and wind energy requires large collection and 
storage systems to produce an appreciable amount of energy. Nuclear systems deal with 
concentrated forms of energy and therefore require less equipment.  Out of all the energy sources 
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Overall, wind turbines have less of an environmental impact compared to solar panels. These 
results could be explained by taking a closer look at the LCA and the differences in flows that 
make wind turbines less impactful than solar panels. For example, the top flow contributions for 
wind and solar power was occupation of sea and ocean and occupation of land respectively. 
When comparing the two, wind power occupies only 1.87 m2 of area compared to solar panel’s 
26.6 m2 of area for just the production of 1 kwh of electricity. This indicates that solar energy 
occupies much more space than wind turbines, requiring the transformation of the land to 
support an entire solar farm. Secondly, wind turbines require different resources and less of these 
resources compared to solar panels to produce that desired electricity. For example, wind 
turbines require simpler materials like steel, fiber glass, and iron whereas solar panels need 
silicon, aluminum, and glass. The materials used in solar panels require more processing and 
thus requires more inputted energy. This is why solar panels use up more energy in the 
manufacturing stage and produce more emissions at the use stage compared to wind turbines, 
thus having a higher environmental impact. Lastly,  solar panels produce more toxic chemicals or 
substances compared to wind turbines. For example, outputs such as radon and tritium, which are 
toxic, are being produced much more by solar panels compared to wind turbines.  When released 
into the environment, these substances can negatively impact the entire ecosystem.  
With the present technological standards, the wind turbine technology is more sustainable than 
the photovoltaic technology over their entire life cycles, however, both still pose a threat when it 
comes to the disposal phase and developing a proper waste management system. Assessing the 
environmental impacts of wind and solar energy allow for the identification of sustainability 
opportunities and areas for improved technology. Because wind turbines are such large 
structures, they require plenty of materials. With roughly 90% of the mass of a wind turbine 
being steel, recycled steel can be used to produce new wind turbine parts, which greatly lowers 
the energy required during the manufacturing process. However, the plastic composite materials 
used in the blades of a wind turbine are not recyclable. Therefore, this plastic should be replaced 
with an alternative material. Another suggestion lies in the transportation of the large wind 
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turbines. Including the transportation of the raw materials, once built, wind turbines need to be 
transported using large lorries and trucks along the road network, possibly over some distance, to 
the site for installation. Construction of access roads and/or bridges for these heavy loads 
through fields and local countryside to the point of installation is generally required. To 
minimize the impacts in these areas, manufacturing centers should be strategically placed in 
close proximity to the wind farm and the structure of wind turbines should be reconsidered. As 
for solar panels, opportunities lie in the raw materials used as well. Solar panels are built with 
rare minerals, such as selenium, that will eventually be exhausted if solar panel manufacturers 
continue to extract them at an accelerating pace. Another opportunity lies in rethinking the 
manufacture and use of solar power. An alternative solution is using on-site generation from 
renewables to meet a greater proportion of the electricity demand of PV manufacturing facilities. 
For example, if the electricity for the manufacturing of solar cells would be supplied by other 
solar cells instead of an electrical mix, then the greenhouse emissions of solar PV systems could 
be reduced by 50-70%, depending on where they are produced (Decker, 2015).  
This study focused on wind and solar power and the impacts of their respective life cycles for 
those in Europe due to the popularity of these types of energy sources in this region of the world. 
The databases and platform used were developed in EU and although the EPA is starting to grow 
their use of LCA, it is not as developed. That is one reason why products where their life cycle 
was in the U.S. was not looked at. The U.S. is fairly dependent on its non-renewable energy grid 
system, and oil companies and other lobbyists have passed legislation in certain states that makes 
it harder for the wind and solar industry to thrive. Increased awareness of the benefits of wind 
and solar will likely help with this problem, but there’s still a way to go before wind and solar 
power can reach their full potential worldwide.  
With the research that has already been conducted, there is still future work to be done that will 
benefit the renewable energy sector. First, a fuller understanding of life cycles is critical in 
understanding the true overall impact of any product until its final decommissioning stages. With 
a complete life cycle, improvements to the various stages of a product’s life cycle can be 
constantly made. With more usage of life cycle analyses, environmental issues can be addressed 
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at the product’s design stage as opposed to dealing with the environmental impacts at the end of 
the product’s life. Secondly, exploring sustainable recycling scenarios is the next step once there 
is a complete understanding of the product’s overall environmental impacts. Wind turbines and 
solar panels have come to the point where they must be dealt with at the decommissioning level. 
By developing the proper waste management strategy, the environmental impacts of both 
energies could be greatly reduced. Additionally, diving into the economic side of both energies is 
synergistic to improving the sustainability of the two. Efficiency and sustainability are becoming 
more and more essential components to our future business practices and product creations, but 
these environmental advancements cannot thrive if they are not also cost effective. Including 
costs and the economy into the overall analysis of both wind and solar energy will allow for a 
better understanding of how these two renewable energies can be improved on multiple levels. 
Lastly, as technology continues to drive us towards growth, other differing scenarios, such as 
testing technological improvements for wind turbines and solar panels, should be studied. The 
data presented her shows that just being labeled as a “clean energy source” isn’t enough. 
Technological improvements to wind turbines and solar panels can help further reduce the 




Although providing valuable data, a life cycle assessment also has limitations that are important 
to note. For starters, LCAs depend on specific scenarios with assumptions involved, thus having 
to assess the real world in a simplified model. Also, because of these assumptions, LCAs might 
rely on industry averages to fill in missing data points, thus resulting in inaccuracies. Secondly, 
LCAs are looking for improvements in existing products. On a bigger scale, these improvements 
are often only small – one company might for example choose a more sustainable raw material 
for one product, when possibly the supply chain of a completely different product makes the 
biggest impact. Either way, LCAs can still be extremely helpful in making improvements along 
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the supply change and can create recommendations on how to increase sustainability along 
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